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TECHNICAL MEMORANDUM NO. 1123

INVESTIGATION ON EXPERIMENTAL IMPELIERS
FOR AXTAL BLOWERS*
By W. Encke

Abstract: A selectlion of measurements obtained on experimental
impellers for axlal blowers willl be reported. In
addition to characteristic curves plotted for low and
for high peripheral velocltiles, proportions and blade
sections for six different blower models and remarks
on the design of blowers will be presented.

I. Foreword:

A selection of measurements obtained on experimental impellers
for axial blowers will be reported. Some of these observations are
from rather old experiments. The latter led to the designing early
in 1930 of a purely axial supercharger for use at an altitude of
5 kllometers; this deslign was planned as a five-stage axial compres-
sor with a rotor speed of 30,000 rpm but due to the bearing
difficultles then existing 1t was not completed.

Inasmuch as these older immellers are even today still being
utilized in slngle-stage and multistage blowers - the oldest,
rotor 866, has been used with great success quite recently in con-
Junctlon with later-designed rotors E68 and E78 for an elght-stags
compressor - 1t is felt that the measurements made of them, supple-
mented by the results obtained with some additional experimental
impellers, should be made avallable to a wider public.

ITI. Formulation of the Problem; Arrangement and Execution of the
Experiments:

The experimental impellers discussed were designed to clarify
whether 1t was posslble to Increase the preassure rise obtalnable per

#"Untersuchungen an Modellriidern von Axiamlgebldsen."
Aerodynamische Versuchsenstalt G8ttingen E. Y., c8ttingen, Inst. f.
Strimungsmaschinen, ZWB,M 94, Nr. 3135, April 1944, pp. 1-28.
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stage conslderably above the relatively smwall pressure differences
produced up to that time in axial blowers, the desire being to come
ont with & relatively suall number of rotors in the process of attain-
ing a prescribed rather large pressure ratio by nlacing several rotors
in tandem. The ultimate godl foreseen was the design of the blading
orf a multlstage axial compressor for supercharging high-altitude air-
craeft englnes (reference 1).

Eeeping in mind the limit placed by the Mach number on the
increase of the relative air velocity, the first step in developing
the blower was to attempt to increase the rtressure rise obtainable
Per rotor substantially above existing limits by means of apnronriate
shaping of the impeller bledes. Next to be investigated was how far
the rotor perinvheral speed could be incremsed toward the voint at
which the relative alr velocity would equal the speed of sound, with
the vurpoge of maintainirg a good degree of efficiency while securing
the highest possible rressure increesses. Further studles were then
to be made on tho problem of reducing tho then very great longitudinal
dimensions of axial blowers without any important loss in efficiency.

In order to work out these problems, the necessery test equipment
first had to be created In which comnection the experiments at the
required high rotor srteeds ofrered narticular technical difficulty.
The test rig constructed in 1527 for these investigatlions has proved
satisfactory in every respect and with several supplementary fittings
I8 still .An use today. ’

At the same time anotier test rig was constructed intended for
detailed investigationa on certain particular blower impellers at
lower rotor speeds and less power. This lattor blower test rig is
shown In figure 1 in simplified cross section, An iron freme resting
on three trestles supporte the two-part housing designed for a rotor
of 300-millimeter outside diapeter, the metering constriction, the
- throttle mechanism at the outlet end of the duct for the purpose of
producing various operating conditions, and the direct-current motor,
which is cradled to allow measurement of torque. An electromagnetic
control device operates a stop watch for determining rotor speed.
The current necessary for operation during en experiment is drawn
from a Ward-Leonard system. to

Figure 2 shows a simplifiled cross section of the test rig for
experimeqtal'impellere designed for very high rotor speeds. The
imellers gonerally have a diameter oif 150 to 200 millimeters and
may be tested with this rig in one- and two-stage arrangements, at
rotor speeds up to about 33,000 rpm, and with variable air densities.

-
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The drive 18 by a aredled compressed-air turbino, whicl is designed
for an ‘output of about 70. Jkilpwatts at 30,000 rpm. (Eigh-speed

- electric motors of this power were not a.v’aila.'blo~ at that time.) 'The

closed-circuit air passage contains the test-section proper with the
taps for tgking pressures and also the gate valve for produoing the
verious operating conditiods, ‘A epecial arrengement for the reduc-
tion of bearing frisétion penhits ‘measurdng. the torque transmitted
by the turbine with an actirady of #0.5-10"° meter. kilogrems. For
measuring the rotor speed there 1s a calibrated tachometer connected
to the blower shaft by a worm drive, as.well-as a speed -moasuring
apparatus controlled by a photooell.

Whereas on the low-power test rig a gilven set of operating ocon-
stants can be maintained over as a long a period of operation as
desired, with the supercharger test rig the periods available for
measurements are relatlively limited due to decreasing pressure 1n

the compressed-air tenk and in some degree also to consideration for °

the bearings. Under these circumstances, in order to lnsure a.
simultaneous reading of :all measuring: instruments the manometer,
tachometer, and dynamometer readings’' at each stage of a test were
photographically recorded.

III. Results of the E:;perménta-

In order that 'q'he air quantities.delivered and the pressure rise
produced may be indicated independently of rotor dimensions or air

‘density, the reaults of the measurements will be given 1n nondimen-

gional paremeters as is customary (reference 2).

Let

d, = outside d.iamoter of rotor =- mside ﬂiameter of 'housing’
(clearance = O)

44 = hub dimmeter of rotor S ]
F = a.ir-flow oross-sectiona:l area = (d-a. - diz)

: dam '.-'-‘—.. - .. .-' ~e"
Uy = neriphara.l speed. = 50 . :

G = wolght of alr flowing pér second

-
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Q@ = volume of air flowing per second = 1%

k = ratlo of specific heats for constant pressure and for constant

volume 22
Oy

The subscript I denotes the gas as 1t existed in a state of rest
before entrance into the blower and the subscript IT, after exit
from the blower and once agaln in a state of rest.

The useful work of the blower

N-fIIQd.p
I

for adiabatioc oor'npression amounts to

k-l

Kk . PrI) ¥

¥a=w1% " ¥1 ("') -1 (1)
Pr
or for each kilogram of air flowing through ver second
k-1

N"‘d TR - E P\ * (2)

Faa T\ 2,

with Dy = Py + AP, from equation (1) by series development is obtained

i-l__l__A_n_'_k+l<Qf> §k+l2(2k+12<_;:>

N.= * AP
ad * 9 R 2!ka 312

For a value of X = 1.4 this gives

- 2 3
- . - Ap ApY _ Ap
N, =0Q * 87 Ll 0.3572 2B + 0.2041( ) - 0.1385 (p,) + . J |
3a
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For small values of %% the terms of higher order may be omitted

and then the effective work for an incompressible flow ie obtalned
Nink = Qr * AP, ; - (4)

It follows from equations (3) and (4) that for a pressure rise

Ap = 0.1 py the omission of the terms of higher order would give
an effective work value about 3.4 percent too high and a correspond-
ingly overestimated efficlency. For Ap = 0.05 py the error would
be about 1.7 percent and for Ap = 0.0l py about 0.4 percent.

The work absorbed 1s determined in both test rigs from the
moments of reaction of the cradled driving motors; the expenditure
of work necessary to cover mechanicael losses is determined by a
special series of measurements. As a control on the work measure-
ments, the temperatures ahead of and behind the compressor are
measured in the tests on the high-~speed rig. If I denotes the
work ebsorbed less the deduction for mechanical losses and Trypg
denotes the final temperature corresponding to an adlabatic
compression, then the temperature-rise adlabatic efficlency 1is

Naa  Tr1aa - T1
Nigg = 7 = (5)
L Tyy - Tg

The flow coefficient ¢ and the Pressure coefficlent YV are
used as nondimensional characterlstics. The flow coefficient Pr

is the ratio of the axial-flow velocity of the gas to the peripheral
velocity of the rotor; it 1s referred to as the initlal state of rest
of the intaks air (condition I). It is thus

G-R-Ty
¢I = pI-F-ua (6)
The pressure coefficient \IJI is the ratio of the pressure rise

produced by the compressor to the dynamic pressure corresponding
to the peripheral speed at the demsity of condition I; it 1s

A
k- ™
z e
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In the designing of multistage compressors, the use of this
equation for the pressure ratio results in certaln mathematical
inconvenlence; hence for practical purposes the pressure ratio
calculated on the work of adlabatic compression per kilogram per
gsecond of weight of air flow 1s used.

Ted (8)

u_az

2g

From equations (2), (7), and (8) there follows the relation between
V end VYg:

¥ =

vy X (PII>" a | (9)

Letting pry = py + 4P, from equation (9) by series development and
with k = 1.4, as in equations (3) and (3a), 1s obtained

3
\y = \I,I [l - 005571 —2 + O 2041( - 0.1385<A2 + -.n]-o.
. P

(10)
In equation (10)

2
e b (11)
br 1 2g E-'I

For small values of %P-, the terms of higher order mey be omitted
I

and \U=\|lIma.ybe set.

With respect to the older tests, all evaluations in this report
are based on the pressure coefficient Wr. The relation between V

and \Il 1s shown in figure 3 for various peripheral speeds and tem-

pera:bures. Theo measurements were 1ln general made at an inlet temper-
ature of a)proximately 305° K.

Flgure 4 gives the measurements obtalned on a one-stage blower
(bullt in 1927) at low rotor sweeds. At the upper left of the fig-
ure, a one-stage installation consisting of a 12-blade rotor, an
11-blede inlet stator, and a 13-blade outlet stator is drawn to a
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-relative soale 1n terms of the tip dlameter. The blade spacing in
the plan view corresponds to a developed section at hub diemeter;
.for-other blade sections the blade spacing is to-be-understood as
larger in proportion to the diameter of ths reepective cylindrical
sections, .

Below this the rotor bdlade is again 'laid out to a larger scale
to..show hub, center, and tip sections., In this drawing the cylin-
drical sections have been presehted as parallel plans sectlons to
facilitate determining intermediate blade sections from them.

At the upper right of the. figure the pressure coefficient W
and the temperature-rise adiebatiéd efficiency njaq have been
plotted against the flow coefficient P the values being those

found by observations at 1000, 2000, and 3000 rpm. The Reynolds
number, calculated from the veloc;tg of the alr relative to the
blade tip, was approximately 2 - 10°.

The results of measurement in the high rotor-speed range, with
Peripherel speeds between approximately 150 and 200 meters per secory
are glven in figures 5 and 6. Proportions and blade sections of this
blower, made on a smaller scale for tests in the high-speed test rig,
are the same as those of figure 4.

The change in the shape of the performance curve with a change
of the Mach number may be clearly seen in figure 5. As the rotor
gpeod Increases, the curve becomes more nearly verticdl and the
maximum velue of the flow coefficient is lowered; at the lower flow-
coefficient values within the normal working range, higher pressure
ratios are obtalned at the same flow ratio as the Mach number
increases. At the rotor speeds glven in the figure, the Mach numbers
computed on the relative flow velocity at the blade tips in the range
of best efficlencles are 0.45, 0.60, 0.72, and 0.80.

Figure 6 shows the behavior of the blower with elteration of
the air density. The curve given in figure 5 for 30,000 rpm 1is
transferred to figure 6; 1t 1s the curve for an inlet pressure of

1Fbr the manufacture of the relatively small experlmental blades
photographs of large-scale blade-sectlon drawings were used at the
Aerodynamic Experimental Institute instead of working from numerical
coordlnates.
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1 atmosphere. It 1s clear from the figure that even with a sub-
‘stantial change in the inlet pressure such as is caused,- for example,
by the throttling down of the inlet flow, which is necessary in test
rigs with low-powered drives, the test results are independent of
inlet. pressure within the limits of accuracy of the measurements.

. In the neighborhood of the maximum flow coefficient, the measurements
obtained at the lowest absolute inlet pressure, namely 0.25 atmos-
phere, are shifted in the direction of smaller flow ratios.

The design and performance of a blower intended for about one-
half the alr delivery of the tyve Just discussed 1s shown in fig-
ures 7 and 8. Provwortions and blade sections for both sizes of
impellers are shown In figure 7. 7The data cbtained from the low-
speed tests are shown in figure 7 and those of the high-speed tests
in figure 8. Reynolds number and Mach numbers are of the same
magnitude as those glven in connection with figures 4 and 5.

Figures 9 to 12 show the proportions, blade sections, and
nerformence charts of two blowers designed for values of the flow
ratio intermedlate to those of the two first-mentioned blower types.
The installations shown in figures 9 and 11 and the blade sections
at hub and tip also shown are drawn in the form of two-stage models.
In the performance curves of figures 10 and 12 the pressure coeffi-
clent is 1n each case calculated on a one-stege basis. The Mach
numbers (see the text pertaining to fig. 5) for the rotor speeds
indicated in these charts end in the reglon of highest efficiency
values are annroximately 0.50, 0.63, and 0.75.

Flgures 13 and 14 give the data for a blower of larger alr
outout. From the proportions snown in figure 13, there results a
relatively great axial dlmenslon for thls tynme of impeller, so that
it was not used for multistage instellations. In like manner as
for the two Tirst-mentioned ome-stage blowers, the data obtalned
at low rotor speeds are given in figure 13 and at the higher rotor
speeds in figure 14, TFor the latter the Mach numbers are 0.38,
0.47, and 0.56.

In figures 15 and 16 are glven the particulars of a one-stage
blower designed for axlial inlet using no forward stator. As an
ingtallation of the blower wlthout an outiet stator was also required
for a special purpose, the data obtained from thls latter installa-
tlon are shown in figure 15 along with the characterlstic curve
obtained for normel blade angle and ualng the outlet stator. In
figure 16 are shown the performance curves of the blower using the
outlet stator and with varlous blade angles. In this figure, which
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shows the ranges of pressure coefficlent and flow coefficilent for
geven different blade angles, curves of equal efficlencies hLave béen
Included. At.steeper blade angles greater pressure and flow ocoeffi-
clents are obtained. The operating point, which was made the basis
of the 24° blade-angle design, lies within the region of the highest
offlciencies measured. The absolutely highest value of efficlenocy -
on the graph corresponds to a somewhat flatter blade angle.

IV. Romarkis on the Design of Blowers:

As a very general observation, ‘1t may be said that the dimensions
of a blower will be smaller in proportion as the flow coefficient and
nressure coefficlent for which it is designed -~ within the range of
the chosen performance curve - are greater. (See equations (6) to
(8).) However, impellers of small flow coefficient are also indis-
pensable when, due to limitations of the power source, only a rela-
tively low rotor speed 1s permissible and at the same time relatively
small quantities of alr are to be pumped. Low rotor speeds require
necessary large outslde dlameters 1n order to etitain high peripheral
speeds; on the other hand, a large flow coefficlent when only a small
quantity of alr was required would lead to very smwall cross sectlons,
and thereby at large diameters would result in very short blade
lengths and a corresponding drop In efficlency. However, it must be
noted that with a low flow coefficlent, the desired high pressure
ratlo can only be attalned with some difflculty.

As for the design of a blower impeller 1itself, 1f measurements
of proposed blade sections taken In cascade arrangement are avallable,
the 11ft and the drag coefficients on the cascade basis may be used
directly; otherwise, proceeding from the measurements mads on a single
blade, the attempt must be made to determine the coefficlients for the
cascade arrangement by computation. (See reference 3.) Another pro-
cedure, which 1s generally chosen in the GSttingen Institute, is to
try by reshapling the blade to attaln the same coefficients for each
blade when In cascade as were determined for the single blade by
itself. (See reference 4.) In connection with these questions it
may be remarked that many publications are avallable on the sublect
of the computation and design of axial blowers (among which are the
works of Ackeret, Betz, Eck, Keller, Traupel, and Weinig), to which,
howover, detalled reference cannot be mwade within the limits of this-.
report.

In blower design, gensrally speaking, the determination of. the
blade sections should not be undertaken on the basis of the maxlimum
1ift coefficients, for they must be selected for operation at a
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middle point of the performance curve, which will be the normal oper-
ating point of the impeller at the highest possible efficiency. This
18 necesgary because If In operation the flow volume 1s throttled
down, there will arise greater angles of Incidence- at which the
impeller must still be able to work with good efficiency. Further-
more, at lower inlet temperatures and corresponding higher Mach
numbers, substantlally smaller maximum 1lift values will be attained
under certain circumstances. However, for practical purposes,
oxcesslve coefficients of 11ft wlll be chosen for the hub reglon so
that the blade chord in that reglon can be kept within permissible
limits.

The directlon of inflow plays an lmportant part in the design
of the rotor itself. By means of the stator preceding 1t, the air
may be Introduced In a directlon agreeing with the rotor spin or in
a direction counter to it; or, with omlssion of the stator altogether,
the alr mey be introduced axially. A higher peripheral speed 1s made
posslible while maintalning a prescribed incident alr velocliy relative
to the rotor blades 1f the deslgn 1s for inflow in the dlirection of rotor
gpin. By deslgning for iInflow in the onposite directlon, good pressure
ratios can be obtalned even with a relatively emall hub diameter, whereas
otherwise a greater hub dlameter would bave to be used. Because In
blowers in whioch the inflow 1s turned counter to the rotor spin, the
static-pressure rise 1s created princinally in the rotor; 1f the inflow
whirl 1s in the same direction as rotor spln, the rotor will operate
with smaller reaction dus to the groater whirl in the outflow and
consequently will glve less axlal thrust.

Translation by Edward 8. Shafer,
National Advisory Committeo
for Aoronautics.
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Figs. 1,2
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Figure 1. - Blower test rig.
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Figure 2. -~ Compressor test rig.
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peripheral speed Ua, 47. | meters per second; rotor speed
n, 3000 rpm; lil-bladed inflow stétor; |3-bladed outflow

stator.




Fig. 5 NACA TM No. 1123

.5 -
¥ \
s +
(o)
/A’ y
3 / ya
. /
.2 rg
e
O n = 18750
@ n = 25000
! Q@ n = 30000
® n = 33000
(-
Q
.8
niad
.5—*
. 4
.2
—- 9,
] 2 .3 4 5
Figure 5., - 12-biaded rotor 866. Qutside diameter d,,
I50 millimeters; inside diameter d;, 75 millimeters;

peripheral speed u,, 235.6 meters per second, rotor speed
n, 30,000 rpm; | i-bladed inflow stator; 13-bladed outflow
stator. .




NACA TM No. 1123 Fig., 6

® nlet-air flow, | atm 1 / & .

@ Inlet-air flow, .75 atm !’ \

.af
i @ intet-alr flow, .50 atm l *
(] Inlet-air flow, .25 atm q :
d &
y.

33— — \

¥ /,/“ '
4

n = 30000

Figure 6. - Behavior of the blower under variation of the
air density.



Fig. 7 NACA TM No. 1123

.6
.5
4—"'-
| ;
— 2
0.81 dyg—— o = 1000
e e A en = 2000
®n = 3000
j & Miad
.8 ’
-/ — 6
j % 4
.2
) =
L
T 2 .3 .4

0.25 d,

Figure 7. - 12-bladed rotor 998. Qutside diameter d,,
300 millimeters; inside diameter d;, 150 millimeters;
peripheral speed U, 47.1 meters per second; rotor speed

n, 3000 rpm; I3-bladed inflow stator; | 3-bl aded outflow
stator. ’



.
ur

® © o o

1850

25000
30,000

33000

Fig; 8

.8
Niag o
.6’—’ /
4 g
.2
— P
.2
Figure 8. l2-bladed rotor 115,
150 miliimeters; inside diameter d;,

peripheral

n, 30,000
stator.

rpm;

speed u,,
I 3-bladed

Qutside diameter d,»

235.6 meters per second;

inflow stator; 13~bladed outflow

75 millimeters;

rotor speed




Fig. 9

NACA TM No. 1123

Figure 9.
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- Proportions and blade sections. {2-bladed rotor

E68; I13-bladed inflow stator; |7~bladed intermediate stator;
{7-bladed outflow stator,
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Figure 10. - Performance chart of single-stage blower using
rotor E68 of figure 9. OQutside diameter d,, 150 millimeters;
inside diameter d;, 75 millimeters; peripheral speed Ua,

235.6 meters per second: rotor speed n, 30,000 rpm,
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Figure 11. - Proportions and blade sections. |2-bladed rotor
E-78; 13-bladed inflow stator; |7-bladed intermediate stator;
|7-bladed outflow stator.
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Figure 12.
rotor E78 of figure

maters;
speed v

a’

Data refer to a single stage

¥l

1

/| ¥

1~

O n = 20000

Qo

@ n = 25000

® n = 30000

Niad

— @

-2 -3 .4 .5

Performance chart of single-stage blower using
Qutside diameter d,, 150 milli-

inside diameter d;, 75 millimeters; peripheral

235.6 meters per second; rotor speed n,

30,000 rpm.
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Figure 13. - l4-bladed rotor 871. OQutside diameter d,,
300 millimeters; inside diameter d;, 150 millimeters;
peripheral speed U, 47.1 meters per second; rotor speed

n, 3000 rpm; I3-bladed infiow stator; |5-bladed outflow
stator.
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Figure 14, - l4-bladed rotor EIIB8. Outside diameter d,,
50 millimeters; inside diameter d;, 75 millimeters;

peripheral speed u 235.6 meters per second; rotor speed

a’
n, 30,000 rpm; |3-bladed inflow stator; |5-bladed outflow
stator.
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Figure 15. -~ 8-bladed rotor EI9Il. Outside diameter d_,
300 millimeters; inside diameter d;, 150 millimeters;

blade angle, 24°; peripheral speed u,, 47. | meters per

second; rotor speed n, 3000 rpm; {7-bladed outflow stator.
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Figure I16. -~ 8-bladed rotor EI91, as shown in figure 15,
Blade angle, 92 to 39°.






